Abstract. Frequent infections contribute to childhood stunting in developing countries but the causal pathways are uncertain. We tested the hypothesis that intercurrent illnesses suppress the growth hormone axis through reductions in insulin-like growth factor 1 (IGF-1). In a birth cohort of 202 HIV-unexposed Zimbabwean infants, we analyzed data on 7-day illness recall and measured plasma interleukin-6, C-reactive protein, alpha-1-acid glycoprotein, and IGF-1 by enzyme-linked immunosorbent assay, at age 6 weeks, and then 3, 6, 12, and 18 months. Children with recent acute illness had lower IGF-1 concentrations than healthy children and IGF-1 correlated inversely (P 0.05) with inflammatory biomarkers at most time points between 3 and 18 months. Using path analysis, we showed that cough and fever had a predominantly indirect effect on suppressing IGF-1, through the acute-phase response, whereas diarrhea had a predominantly direct effect on IGF-1. Acute illness may therefore impact the growth hormone axis through both direct and indirect pathways.
INTRODUCTION
Linear growth faltering in children, or child stunting, remains a major public health problem in low-income countries worldwide. Growth faltering begins in utero and continues throughout the first 2 years of life, with the greatest decline occurring during the period between 6 and 24 mo of age. 1 Poor linear growth is associated with increased morbidity and mortality, together with poor cognitive development, low educational performance, reduced lifetime earnings, and an increased risk of chronic disease in adulthood. 2, 3 Although suboptimal complementary feeding practices undoubtedly contribute to child stunting, 4 frequent intercurrent infections, such as pneumonia and diarrhea, may also adversely impact child growth.
Research in Guatemala nearly 40 years ago showed acute illnesses, such as diarrhea, pneumonia, upper respiratory tract infections, and skin infections, were associated with short-term growth deficits. 5 Subsequent studies in various settings have confirmed this observation, [6] [7] [8] [9] particularly for diarrhea, which is one of the most common illnesses in early life. More recent studies have shown that child height deficits are proportional to the cumulative burden of diarrhea during childhood, and that diarrhea during the first 6 months of life may have particularly adverse consequences on growth. 10 Although there is evidence that children can experience catch-up growth after diarrheal episodes, [11] [12] [13] it is well established that acute diarrhea has at least short-term impacts on child growth.
Infections may affect child growth through several mechanisms including decreased food intake caused by anorexia, increased energy demands, malabsorption, increased catabolism, and loss or sequestration of nutrients required for tissue synthesis and growth.
14 Growth may also be impaired during infections as a result of the acute-phase response, which may decrease transport of nutrients to target tissues and affect bone remodeling by inflammatory pathways. 15 The suppression of insulin-like growth factor 1 (IGF-1) may be a primary mechanism through which infection-induced inflammation affects growth. IGF-1 is a circulating hormone synthesized by the liver that mediates the effects of growth hormone (GH) by stimulating proliferation of chondrocytes at the epiphyseal growth plate; it is essential for healthy bone growth. 16 Individuals with chronic inflammatory conditions (e.g., juvenile idiopathic arthritis and Crohn's disease) commonly have suppressed concentrations of IGF-1, 17, 18 which are inversely related to the level of circulating pro-inflammatory cytokines.
We have previously shown that chronic low-grade inflammation is associated with reduced concentrations of IGF-1 and poor linear growth in a cohort of Zimbabwean infants. 19 However, the impact of acute infection on the hormonal regulation of growth has not been well characterized among infants in developing countries. 20 Therefore, in this cohort of Zimbabwean infants, we aimed to determine: 1) the association between recent acute illness and IGF-1 concentrations, and 2) the relative strength of the direct and indirect pathways mediating the association between recent acute illness and IGF-1 (i.e., direct pathway: recent acute illness is directly associated with IGF-1; indirect pathway: the association between illness and IGF-1 is mediated by the acute phase inflammatory response). We hypothesized that recent acute illness would be associated with suppression of IGF-1, predominantly through activation of the inflammatory response (i.e., the indirect pathway).
MATERIALS AND METHODS
Study design and sampling. The data used in this current study were collected during the ZVITAMBO trial, conducted between 1997 and 2001 in Zimbabwe. 21 The ZVITAMBO was a randomized clinical trial of high-dose vitamin A supplementation in 14,110 mother-infant pairs, enrolled within 96 hours of delivery from peri-urban clinics in Harare. Mothers were interviewed upon enrollment, providing data on household demographic and socioeconomic status. Follow-up visits were conducted at 6 weeks postpartum, and at 3, 6, 9, 12, 15, 18, 21, and 24 months. At each visit, a maternal interview was undertaken, and blood and anthropometry data were collected for infants.
We selected infants who were stunted (length-for-age Z-score (LAZ) −2.0) or non-stunted (LAZ −0.5) at 18 months of age, to investigate differences in biomarkers of inflammation, gut damage and the GH axis. 19 Eligible children were born to mothers who remained HIV-negative throughout follow-up, and who had anthropometric data and archived plasma ( 0.2 mL) available from at least four follow-up time points. From the 14,110 enrolled mother-infant pairs, 101 nonstunted infants fulfilled these selection criteria and were included in the study. Of the 132 eligible stunted children identified, 101 were randomly selected for inclusion.
Measurement of recent acute illness in children. Data on recent acute illness in infants were collected by maternal interview at each follow-up visit. Mothers were asked to recall whether the child had diarrhea, cough, or fever in the previous 7 days and, for diarrhea and cough, to recall the number of days that the illness persisted. Morbidity data were then assessed over a 7-day recall period at five time points (i.e., 6 weeks, 3, 6, 12, and 18 months of age), to align with the available biomarker data.
Plasma collection and measurement of biomarkers. Plasma samples were collected from all enrolled mothers and infants at baseline, and from a representative subsample (52% of infants) at all follow-up visits. Archived plasma was available for all 202 children at 18 months of age and for 75%, 85%, 91%, and 97% at 6 weeks, 3, 6, and 12 months of age, respectively. Samples were centrifuged and plasma removed within 2 hours of blood collection for storage in −80 C freezers, with generator back-up.
We used commercially available enzyme-linked immunosorbent assay (ELISA) kits to measure a range of biomarkers at each time point for which archived infant plasma samples were available. We selected markers of immune activation, including the pro-inflammatory cytokine interleukin-6 (IL-6; R&D Systems Inc., Minneapolis, MN) and soluble CD14 (sCD14), a marker of monocyte/macrophage activation that is released predominantly after exposure to lipopolysaccharide, a component of the gram-negative bacterial membrane. We measured two acute-phase proteins, alpha-1-acid glycoprotein (AGP; R&D Systems), and C-reactive protein (CRP; R&D Systems), both of which are synthesized by the liver during an acute-phase inflammatory response; AGP rises more slowly than CRP during an acute-phase response and remains elevated longer. 22 We measured IGF-1 (R&D Systems), which is synthesized by the liver in response to GH and acts on peripheral organs such as bone and muscle, to assess activity of the GH axis. We chose intestinal fatty acid binding protein (I-FABP; Hycult Biotechnology, Uden, The Netherlands) as a plasma marker of small intestinal damage; I-FABP is a cytoplasmic protein that is rapidly released into the bloodstream after damage to enterocytes. 23 Child anthropometry. Child weights and heights were measured using an electronic scale (Seca model 727, Hanover, MD) and length board (ShorrBoard, Olney, MD), respectively, at each visit based on standard methods. 24 Length-for-age Z-scores were calculated based on the World Health Organization (WHO) 2010 reference standards using WHO Anthro version 3.0.1 (http://www.who.int/childgrowth/en). Growth velocity was defined as height change per day from the previous follow-up visit to the current visit.
Statistical analysis. All statistical analyses were carried out in Stata v. 12.1 (College Station, TX). Because the proportion of children with recent acute illness did not differ between stunted and non-stunted children at any time point, data for all children were combined for primary analyses. However, in sensitivity analyses, we used linear regression analyses to examine potential differences in the association of recent illness with IGF-1 concentrations among stunted and nonstunted children. We calculated the proportion of children with recent acute illness at each follow-up visit. We used analysis of variance to assess differences in mean biomarker concentrations at each follow-up visit between children with and without reports of recent acute illness. Spearman correlation coefficients are reported for the statistical significance of the associations between recent acute illness, inflammatory markers, and IGF-1, and for the relationship between inflammatory markers and IGF-1. We constructed bivariate and multiple logistic regression models to calculate the odds of stunting at 18 months of age and to examine differences in the continuous response variables, attained LAZ and growth velocity, by report of recent acute illness. We included child sex, maternal height, household income, and infant birth length in multiple logistic regression models to control for factors that could potentially confound the relationship between recent acute illness and child linear growth.
We conducted a path analysis to assess the potential mediating effect of inflammation on the relationship between recent acute illness and IGF-1. Path analysis allows the simultaneous estimation of all regression equations identified in a model. Such an analytic approach is especially useful for discerning the relative importance of pathways in hypothesized causal models by estimating direct and indirect (i.e., mediated) effects. 25 This approach allows for a more rigorous assessment of mediation (i.e., as compared with the causal steps approach) by directly estimating path coefficients and independent error terms using maximum likelihood estimation. 26, 27 Given our objective of determining the potential mediation of the association between recent acute illness and IGF-1 by activation of the inflammatory response, path analysis is an ideally suited analytic approach.
We used the sem (structural equation modeling) command in Stata to calculate standardized path coefficients using maximum-likelihood estimation for the direct, indirect, and total effects of recent acute illness on IGF-1 concentrations. Standard errors robust to heteroskedasticity were calculated using the Huber-White sandwich estimator. These path coefficients are regression coefficients converted to standardized Z-scores for measuring the relative strength and sign of effects in the path diagram ( Figure 1 ). For the direct effect (DE), the coefficient is the partial regression coefficient of the association between recent acute illness and IGF-1 (i.e., regressing IGF-1 concentration on recent acute illness), controlling for the effect of inflammation as measured by plasma AGP concentration. We chose AGP as the marker of inflammation because of its longer time course during an acute-phase response. The magnitude of the indirect effect (IE) of recent acute illness on IGF-1 as mediated by inflammation was calculated by taking the product of the two path coefficients: 1) between recent acute illness and inflammation, and 2) between inflammation and IGF-1. The total effect is the sum of the direct and indirect effects.
Ethical approval. The ZVITAMBO trial and the current study were approved by the Medical Research Council of 
RESULTS
Recent acute illness in children. Nearly two-thirds of children who were stunted (63%) and non-stunted (64%) at 18 months of age were reported to have been ill with recent diarrhea at one or more follow-up visits (P = 0.88). Most children were reported to have had cough or fever during the previous 7 days at one or more follow-up visits (i.e., cough: stunted: 88%; non-stunted: 88%; P = 1.00; fever: stunted: 72%; non-stunted: 68%; P = 0.54). The proportion of children with reported illnesses at each visit increased from 6 weeks through 6 months of age (diarrhea: 4.6%, 8.7%, and 20%; cough: 23%, 42%, 50%; fever: 5.7%, 22%, 28%; at 6 weeks, 3 months, and 6 months, respectively) ( Table 1) . Thereafter, proportions declined moderately for cough (42% at 18 months), but stayed relatively constant for diarrhea and fever (18% and 27%, respectively, at 18 months). The proportion of caregivers reporting cough was higher at all follow-up visits than the proportion reporting diarrhea or fever.
Because there were no differences in illness episodes between stunted and non-stunted children, groups were combined for all analyses. Child and maternal anthropometric differences between stunted and non-stunted children in this cohort have been reported previously. 16 For example, children who were stunted at 18 months of age had lower mean birth weight (kg) ( Association of recent acute illness with inflammation. As anticipated, reports of recent acute illness, especially cough and fever, were strongly associated with elevated markers of inflammation ( Figure 2 ). The AGP was significantly higher in children with recent cough and fever compared with children without these symptoms at all time points from 3 months of age; CRP was significantly higher at all time points from 6 months of age after report of recent cough, and at 3 months (P = 0.045), 6 months (P 0.001), and 18 months (P 0.001) after report of recent fever. The IL-6 showed a less consistent relationship, but was elevated at 3 months (P = 0.04) and 6 months (P = 0.001) for children with recent cough and at 3 months for children with recent fever (P = 0.004). Reports of recent diarrhea were less consistently associated with elevated inflammatory markers, with no associations seen at any *n refers to the number of reported cases of the illness during the prior 7 days at each follow-up visit. †N refers to the total sample size for which illness data were available at each follow-up visit.
There were no differences in the proportion of children with recent acute illness between stunted and non-stunted children at any time point.
time point for CRP and IL-6; AGP concentrations were higher only at 6 months (P = 0.04) and 12 months (P = 0.03) in those with diarrhea. Association of recent acute illness with IGF-1 concentrations. Mean IGF-1 concentrations were consistently lower in children with recent diarrhea, compared with children without diarrhea, with differences especially strong from 6 mo of age onwards (Figure 3 ). Mean IGF-1 concentrations were similarly lower in children with recent cough and fever at nearly all time points, with pronounced differences at 3 months (P = 0.004) and 12 months (P = 0.03) for children with recent cough and at 3 months (P 0.001) and 6 months (P = 0.03) for children with recent fever (Figure 3) . The association between recent illness and IGF-1 was not statistically significantly different at any Figure 2 . Relationships between report of child recent acute illness and inflammatory markers. Mean estimates at each time point are shown together with error bars representing standard errors (SE). The top, middle, and lower panels show data for report of diarrhea, cough, and fever, respectively. P values are for differences in biomarker concentrations at each time point between children with reported recent illness versus no reported recent illness: ***P 0.001, **P 0.01, *P 0.05. Figure 3 . Relationships between report of recent acute illness and plasma insulin-like growth factor 1. Mean estimates at each time point are shown together with error bars representing standard errors (SE). The left, middle, and right panels show data for report of diarrhea, cough, and fever, respectively. P values are for differences in biomarker concentrations at each time point between children with reported recent illness versus no reported recent illness: ***P 0.001, **P 0.01, *P 0.05. time point between children who were stunted and non-stunted at 18 months (P 0.1 at all time points).
Association of inflammation with the IGF-1 concentrations. To determine whether differences in inflammatory markers and suppression of the GH axis were associated, we next looked at correlations between each inflammatory or acutephase biomarker and IGF-1 concentrations. At nearly all time points from 3 months to 18 months in children for whom recent acute illness was reported (i.e., 33 of 36 associations), plasma IGF-1 showed a negative relationship with each marker of inflammation, although the strength of these associations varied by follow-up time point and inflammatory marker ( Table 2) .
Given the observed negative relationships between inflammatory markers and IGF-1 concentrations in children with recent acute illness, we next examined the potential mediating effect of inflammation on the relationship between recent acute illness and the GH axis using path analysis to determine the direct, indirect, and total effects of acute illness on IGF-1 concentrations (Figure 1) . Consistent with the bivariate models, there was a negative association between recent acute illness and IGF-1 concentrations in path analyses at nearly all time points for each reported illness ( Spearman correlation coefficients (r) are shown in addition to the sample size for each correlation, in parentheses. Asterisks indicate that the correlation was statistically significant at the following levels of significance: ***P 0.001, **P 0.01, *P 0.05. IGF-1 = insulin-like growth factor 1; AGP = alpha-1-acid glycoprotein; CRP = C-reactive protein; IL-6 = interleukin-6. *DE = direct effect of recent acute illness on plasma insulin-like growth factor 1 (IGF-1) concentrations (ng/mL) adjusted for plasma alpha-1-acid glycoprotein (AGP) concentrations (log g/L) in the model; IE = indirect effect of recent acute illness on IGF-1 as mediated by AGP; TE = total effect, that is, the combined direct and indirect effects of recent acute illness on IGF-1.
Coefficients shown are standardized path coefficients. For the DE, the coefficient is the partial regression coefficient of recent acute illness on IGF-1, controlling for AGP.
The coefficient for the DE of recent fever on IGF-1 at 3 mo is depicted in Figure 1 . The IE shown here may be calculated from the product of the path coefficients in Figure 1 between recent fever and AGP (depicted as "inflammation" in Figure 1) , and AGP and IGF-1 (depicted as "growth hormone axis" in Figure 1) . The TE effect shown here may be calculated from the sum of the DE and IE effects.
Association of recent diarrhea with small intestinal damage and microbial translocation. We hypothesized that diarrhea may contribute to small intestinal damage and that children with reports of recent diarrheal morbidity would have a greater degree of microbial translocation after insult to the gut barrier. We therefore next examined the association between recent diarrhea and plasma concentrations of I-FABP and soluble CD14. However, children with reports of recent diarrhea did not show higher concentrations of I-FABP or sCD14 at any follow-up time point, compared with children with no recent report of diarrhea (data not shown).
Association of recent acute illness with child growth. Stunting at 18 months of age was not associated with the cumulative number of diarrheal episodes reported, nor with the total duration of diarrhea reported by caregivers (Supplemental Figure 1) . Similarly, children with recent diarrhea did not show differences in attained LAZ or growth velocity at any follow-up time point, compared with children without reports of recent diarrhea (data not shown). We examined these relationships in bivariate models and in multiple logistic regression models controlling for child sex, maternal height, household income and birth length, and found similar results in all models. Likewise, we found no strong associations between recent cough or fever and child growth.
DISCUSSION
In this longitudinal cohort of Zimbabwean infants, followed from birth through 18 months of age, we showed that recent acute illness is associated with suppression of the growth hormone axis. Depending on infant age and type of intercurrent illness, we found evidence of both direct suppression of IGF-1, and indirect suppression mediated by an acute-phase inflammatory response. Using path analysis, we showed that indirect effects, mediated through inflammation, were the predominant mechanism through which recent cough and fever were associated with depressed IGF-1 concentrations, particularly in the first 6 months of life, whereas diarrhea had predominantly direct effects on IGF-1 concentrations, particularly in the second half of infancy.
Cough and fever were associated with reduced IGF-1 concentrations, mediated predominantly through raised proinflammatory markers. Cough and fever are common presentations of bacterial pneumonia, which is usually associated with a robust acute-phase response. 28 Associations between inflammatory markers and reduced IGF-1 concentrations have been seen in other settings. For example, children with chronic inflammatory diseases, such as Crohn's disease and juvenile idiopathic arthritis, have reduced circulating IGF-1 concentrations caused by elevated pro-inflammatory cytokines. 17, 18 Although chronic inflammatory conditions such as Crohn's disease are characterized by highly elevated inflammatory markers over long periods, leading to severe growth failure, they provide a proof of concept of the association between inflammation and reduced IGF-1; data from transgenic mice confirm that these associations are causal. 29 It therefore seems plausible that even a short illness associated with an acute-phase response, such as pneumonia, temporarily suppresses the GH-IGF-1 axis, and that recurrent infections may have a cumulative effect on growth through frequent, short-term reductions in IGF-1. We have previously shown in this same cohort that low-grade chronic inflammation is similarly associated with reduced IGF-1 concentrations in infancy. 19 Acute infections may transiently exacerbate the chronic inflammatory milieu that characterizes stunting 19 and further suppress IGF-1 concentrations.
Diarrhea had profound, predominantly direct effects on IGF-1 concentrations, particularly from 6 mo of age onwards.
Children with diarrhea showed only a modest acute-phase response; although we had no information on etiology of diarrhea in this cohort, it is plausible that common enteric pathogens that do not typically cause a pronounced acute-phase response (e.g., rotavirus and cryptosporidium) were responsible for much of the diarrhea reported. 30 The mechanisms through which diarrhea may directly influence IGF-1 are uncertain. Dietary protein restriction has been shown to reduce circulating serum IGF-1 concentrations 31 ; diarrheal illness may induce moderate protein deficiency through decreased dietary intake, malabsorption, or catabolic loss. Zinc deficiency is also associated with low IGF-1 concentrations 32 ; diarrhea may induce or exacerbate zinc deficiency through excess fecal losses. 32 Moreover, zinc supplementation in young children has been shown to increase plasma concentrations of IGF-1 while also reducing the risk of diarrhea episodes and increasing linear growth velocity. 33 Alternatively, zinc deficiency may cause reduced concentrations of serum IGF-1 while also increasing risk of diarrhea. Unfortunately, we did not have data on zinc or IGF-1 status in children before their acute illness so cannot establish the extent or direction through which this mechanism may have contributed to the observed associations. ZVITAMBO was conducted before the introduction of WHO guidelines on zinc supplementation for children during acute diarrhea 34 ; therefore, we do not know whether supplementary zinc may have changed the observed associations.
Several prior studies investigating IGF-1 concentrations in children with intercurrent infections support our findings. Bhutta and others described severely depressed IGF-1 concentrations in young children hospitalized for persistent diarrhea in Pakistan, but rapid increases after nutritional recovery, with increments in IGF-1 correlating well with weight gain. 33 Low concentrations of IGF-1 have previously been described in children with acute shigellosis 34, 35 and severe acute malnutrition, 36, 37 with increases in IGF-1 seen upon nutritional recovery. 37, 38 IGF-1 and IGF-2 were also found to be lower in patients with viral infections compared with healthy controls in a cohort of European adults 20-75 years of age. 39 This study had several strengths and some limitations. We studied a well-characterized infant birth cohort that had suitable data and samples to test our hypotheses. In particular, our examination of blood biomarker data collected in concert with recent morbidity data allowed us to rigorously examine acute IGF-1 suppression among children with and without recent illness. Though we assessed the association between child illness and growth, it was not a primary objective of this research. The original ZVITAMBO trial was not explicitly designed to explore this relationship and, therefore, daily morbidity data were not collected as part of the trial. We therefore had data available on 7-day illness recall from five visits conducted between 6 weeks and 18 months of age. These data did not allow us to examine associations between cumulative morbidity and growth. Although maternal report of recent (7-day) illness is a reliable and valid instrument for assessing morbidity, 40 we do not know whether intercurrent infections before the 7-day recall period would continue to have an effect on IGF-1 concentrations; if anything, this would mean we underestimated the impact of acute illness on IGF-1 concentrations, because children classified as healthy may in fact have had a recent illness associated with reduced IGF-1. The lack of daily morbidity data also meant that we were unable to assess the cumulative burden of illness or catch-up growth that may have occurred between bouts of illness. This may have contributed to the null association we observed between recent acute illness and child growth. As described earlier, the relationship between child illness and linear growth faltering has been well documented in many contexts. 10, 41 However, the impact of acute infection on the hormonal regulation of growth is not well understood, particularly among infants in low-income countries. Therefore, our specific research objectives were aimed at determining the association of acute infection on the growth hormone axis. IGF-1 is the circulating mediator of GH activity and maintaining adequate concentrations of IGF-1 during infancy is crucial for promoting linear growth, as we have previously shown in this cohort. 19 It is therefore likely that the strong negative associations we observed between recent acute illness and IGF-1 concentrations have important implications for child growth in the context of frequent recurrent infections. Pooling data from stunted and non-stunted infants for this analysis is another potential limitation. Although infants were categorized on the basis of anthropometry undertaken at 18 months of age, differences in weight and length were evident from birth, suggesting that stunting may originate in utero. Whether fetal programming influences the postnatal inflammatory response to illness is unknown, but it is plausible that stunted and non-stunted infants respond differently to acute infections. However, neither the proportion of children with recent acute illness nor the association between recent illness and IGF-1 concentrations differed between the two groups at any time point. This suggests that prior growth parameters did not have a major influence on the pattern of morbidity or acute-phase response.
In summary, we show that recent acute illness in a cohort of Zimbabwean infants is associated with suppression of the GH axis. We found that cough and fever are associated with indirect suppression of IGF-1 concentrations through an acutephase inflammatory response, particularly early in infancy, whereas diarrhea is associated with direct suppression of IGF-1 concentrations, particularly later in infancy. Our findings plausibly show distinct pathways through which even mild infections, not severe enough to cause malabsorption or prolonged anorexia, may temporarily suppress IGF-1 concentrations. Prevention of infections through exclusive breastfeeding and vaccination, and prompt treatment of illnesses to reduce their duration, may limit suppression of IGF-1, which in turn could positively contribute to healthy growth in early childhood.
